Abstract. This study investigates the effect of heating mode on the sintering of Copper-SiC metal matrix composites containing up to 7.5 wt.% SiC. The sinterability of the Cu-SiC system consolidated in a 2.45 GHz multimode microwave furnace has been critically compared with that processed in a radiatively heated (conventional) furnace. As compared to conventional sintering, microwave processing has resulted in a greater densification. It was observed that an increase in SiC content resulted in a higher hardness of the materials for both the heating modes. For all compositions, the electrical conductivity and hardness of microwave-sintered Cu-SiC composites are higher than those of their conventionally sintered counterparts.
Introduction
Copper has been successfully employed to manufacture powder metallurgy components since the advent of powder metallurgy technique. Copper has wide range of applications starting from microchips to the latest design elements in automotive industry [1] [2] [3] . It is excellent in terms of its electrical conductivity and corrosion resistance. However, the use of monolithic pure copper limited especially in heat sinking and electronic packaging applications [4] , which require high thermal conductivity combined with lower coefficient of thermal expansion, which cannot be satisfied with the pure form of Cu. Some other applications demand for a higher hardness and strength with desirable conductivity values. Metal matrix composites (MMC) such as copper matrix composites bridge the gap which results in a new class of material with desirable properties. Copper matrix composites have superior electrical, mechanical and thermal properties as compared to that of pure copper by the inclusion of suitable reinforcement [5] [6] [7] . They possess superior tensile strength, wear resistance, hardness and low coefficient of thermal expansion which could not be found in any single copper alloys or monolithic materials [4, 6] . The mechanical strength of copper can be enhanced either by age hardening or by introducing dispersoids into the copper matrix [1, 4] . These reinforcement particles which include some oxides and carbides are thermally stable at higher temperature. Adding dispersoid particles in the copper matrix improves the mechanical properties of the composites. Cu-SiC metal matrix composites possess the properties of both copper and silicon carbide, with high thermal conductivity of copper and low coefficient of thermal expansion of SiC [8, 9] . This composite is primarily used for the heat sink or heat spreader applications because of its high thermal conductivity and tailorable coefficient of thermal expansion (CTE) over a desirable range. Copper based MMC reinforced with SiC and carbon fiber are widely used as packaging materials [10] [11] [12] . SiC reinforced copper MMC's are more effective as packaging materials since carbon fiber exhibits anisotropic behavior [10] . Innovators at NASA's Glenn research recently reported successful development of SiC fibers and SiC/ SiC ceramic matrix composites (CMC) which possess excellent strength, toughness, lower thermal expansion, better life and creep rupture resistance at temperature up to 1500°C for gas turbine components [13] . This gives an insight to develop copper matrix composites with SiC addition. Many researchers made successful attempts to fabricate and characterize copper based MMC's. Ching Yern Chee et al. fabricated Cu-SiC composites with coated and non-coated SiC particles. The interface problems between SiC and copper matrix due to lack of sufficient bonding between particles were particularly addressed [10] . G. Celebi Efe et al. investigated the effect of particle size on Cu-SiC composites and reported that the composites containing coarser SiC particles resulted in a higher densification and exhibited better properties [14] . A.S. Prosviryakov studied the effect of SiC content on copper based MMC's manufactured by mechanical alloying. The study revealed that milling time and SiC content has a significant effect on the various properties of the composites. It was reported that over 25 wt.% addition of SiC deteriorates these properties due to intense reduction in microstructural homogeneity [5] . G. Celebi Efe et al. in another investigation studied the effect of sintering temperature on Cu-SiC composites and reported 900°C as the optimum sintering temperature. The mechanical, thermal and electrical properties were found to be best at this temperature [6] . S.C. Tjong et al. employed hot isostatic pressing (HIP) to fabricate copper and copper composites reinforced with 5, 10, 15 and 20 wt.% SiC particles. Both dry sliding wear and abrasive wear measurements were made to study the effect of SiC content on properties of the composites. The authors concluded that SiC particles reduce the extent of wear deformation and dislocation movement which resulted in reduced wear rate and hardness [15] . In most of the aforementioned works, conventional sintering process was employed to fabricate the composites. Some investigators derived a comparative study between conventional and SPS process. Avijit Mondal et al. investigated the effect of heating mode and copper content on the densification of W-Cu alloys fabricated by both conventional and microwave process. It was reported that all the microwave-sintered composites exhibited improved hardness and electrical conductivity as compared to conventionally sintered counterparts. Eighty-five percent reduction in processing time was achieved by microwave heating [16] . Microwave assisted sintering was projected as a promising processing technique for the sintering of metal and alloy powders. Hence microwave assisted sintering was identified as an effective sintering process to fabricate these composites. Microwave assisted sintering is a faster processing technique for the consolidation of various materials. 2.45 GHz multimode microwave systems for various materials processing including sintering. Heat is generated in the material by microwaves-matter interaction via dielectric heating (ceramics) and magnetic coupling (metals). Unlike the conventional process where thermal energy is transferred from the surface towards inside of the material, in microwave heating it is opposite from inside to outside. As a result of this, the temperature within the core may be higher than the surface in microwave heating, whereas it is higher on the surface for conventional process [17, 18] . Higher material diffusion in microwave process results in finer microstructure and enhanced properties. Present investigation aims at finding the effect of SiC addition on the mechanical, tribological and electrical properties of copper based MMCs sintered by conventional and microwave process.
Experimental procedure 2.1 Materials
Gas atomised copper powder (distributed by Sigma Aldrich, Bangalore, India) of 99.5% purity was used as the matrix phase. Fine quality SiC powder of 99.9% purity (distributed by Sigma Aldrich, Bangalore, India) was added in Cu powder with the following ratios: 2.5, 5 and 7.5 wt.%. SEM micrographs of the as received copper and SiC powders are shown in Figure 1 . The SEM micrographs reveal the spheroidal nature of the copper powder with an average particle size of 100 mm. Irregular and angular shape of SiC particles with an average particle size of 20 mm can also be observed. The characteristics of the initial powders are listed in Table 1 .
Fabrication of Cu-SiC composites
Each composition containing 2.5, 5 and 7.5 wt.% SiC and remaining copper powder were mixed thoroughly using a pestle and mortar. Compaction of the powder mixture was done in a closed cylindrical die of 16 mm diameter under a uniaxial pressure of 400 MPa using a semi-automatic hydraulic press (model: CTM-10, supplier: Bluestar, New Delhi, India). Green compacts were having a height ranging from 4 to 6 mm and diameter of 16 mm. In order to perform the dry wear test on the composites, another set of samples with square cross section were fabricated with a rectangular section die of dimensions 31.7 x 4 x 4 mm. The samples were compacted in the rectangular closed die with a uniaxial pressure of 400 MPa. All the green compacts were sintered by conventional and microwave to study the effect of sintering modes on the mechanical and microstructural behavior of the composites. Both sintering processes were performed at 900°C in a reducing atmosphere (95%N 2 -5%H 2 ) with a heating rate of 5°C/min for conventional and 20°C/min for microwave heating with a holding time of 1 hour for both. Conventional sintering was carried out in a tubular furnace (supplier: Indfurr superheat furnace, Chennai) with two intermediate holds of 15 minutes to drive out the volatiles. A low heating rate of 5°C/min was set to avoid the thermal shock and damage in the furnace elements. Microwave sintering of the green compacts was carried out using a multimode cavity 2.45 GHz, 6 kW commercial microwave furnace. Figure 2 shows the schematic sketch of the microwave furnace used for the present study. A multi-layered insulation package was used to provide sufficient insulation to obtain high and uniform temperatures throughout the sample. The outer package was made up of thick ceramic fiber (alumina and silicon carbide) sheets. A mullite tube was placed at the center of the package, and samples were placed inside this mullite tube. The entire package was placed on a turntable to ensure uniform exposure of the sample to the microwave field. A reducing atmosphere was maintained during the sintering by first creating a vacuum of 8-10 torr inside the furnace followed by back filling of a reducing atmosphere (95%N 2 -5%H 2 ). Throughout the sintering, the gas flow was maintained at 2 L/min. For this experiment, a thin layer of graphite coating outside the mullite tube was used as a susceptor. The susceptors usually couple very well with the microwaves and are used for initially raising the temperature of the compact. After sintering, the microwave power was switched off and samples were allowed to furnace cool.
Metallographic sample preparation
In order to obtain the optical micrographs of the sintered samples, metallographic preparation of the specimens was performed. The samples were polished in a semi-automatic polishing machine (manufacturer: Bainpol; Model no: PMV 028; Supplier: Chennai metco) loaded with emery sheet grades of grit size 220, 600 and 1200. Later the samples were polished in a disk-polishing machine using an alumina medium. Fine alumina powder of particle size 1 mm was suspended in water to prepare the medium. The polishing process was carried out till a mirror finish was visible on the sample surface. ASTM E-407 standard for the micro-etching of metals and alloys was followed to etch the samples [19] . As per the standard, a solution containing 5 g FeCl 3, 10 ml HCl, 50 ml glycerol and 30 ml water was used as the etchant. The samples underwent a controlled etching process for a time period of 15-60 seconds. Samples were then dried instantly using a drier and viewed under an optical microscope.
Characterization
Sintered densities were determined using Archimedes principle. Microstructural analysis was done using optical microscope (model: Axioscop A40, Zeiss, Germany) and Scanning electron microscope (model: ZEISS EVO MA10, Zeiss, Germany). SEM-EDS analysis was performed on all the composites to determine the phase composition of the sintered samples. Micro-hardness test was performed using a Vickers' Micro-hardness testing machine (model: Matsuzawa MMT-X7, Japan, Supplier: Chennai Metco, Chennai) based on optical measurement system with a load of 100 g and dwell period of 10 s according to ASTM E-384 standard test procedure [20] . In order to confirm the precision and repeatability of the hardness values, readings were taken from five different locations on the composite surface by carefully picking a location which included both the matrix and reinforcement phase. The averages of the readings were taken as the Vickers' micro-hardness value of the composite. In order to study the tribological behavior of the composites under applied loads, dry wear test was performed on the composites. The composite sample with a square cross section of rectangular sample with the dimensions of 31.7 x 4 x 4 mm. The test apparatus was a pin-on-disc tribometer (model: TR-201LE, DUCOM, Disc Material: EN-31 Steel, Hardness: 60 HRC) where the composite test specimen rubs against a rotating hardened steel disc which forms the pin and disc system according to ASTM G-99 test procedure [21] . Disk rotation speed, wear track diameter and sliding distance were made constant as 500 rpm, 70 mm and 1000 m respectively throughout the test. All the test samples underwent a varying load of 10, 20 and 30 N to study the effect of applied load on wear rate. Wear rate was calculated as the quotient of difference in mass of the composite before and after the test to the total sliding distance. Wear rate indicates the removal of definite mass of the composite when subjected to unit sliding distance during the pin-on-disk dry wear test. The LVDT connected to the test apparatus measures the linear wear and coefficient of friction (COF) during the test. COF values were directly observed from the PC connected to the test apparatus. Electrical conductivity of the composites was calculated in terms of electrical resistivity. An electrical resistivity measuring instrument (model: DDC-8, Chongqing, China) was employed to measure the resistivity values. The instrument works on the principle of four point Ohm analyses. A correction factor was selected according to the size and shape of the specimen. The bulk resistivity of the specimen is governed by formula (1). The reciprocal of the average of these values were noted as the electrical conductivity of the composites.
Bulk resistivity ¼ 2pSðV =IÞ; ð1Þ
where S is the spacing of probe, V is the measured voltage and I is the current.
3 Results and discussion
Densification response
Heating profiles of both sintering processes are shown in Figure 3 . Densification response of the composite material to the sintering process for different SiC addition is shown in Table 2 . Relative densities of the microwave-sintered samples were observed to be higher as compared to the conventional counterparts. This is due to the fact that microwave-matter interactions cause higher rate of material diffusion resulting into higher sinterability of the composite material [22] . SiC particles prevent copper to plastically deform during the compaction process. Therefore, with the addition of higher amounts of SiC powder will result in poor densification of the sintered compacts [1, 14, 15] . Densification parameter is a measure by which the powder will densify upon the application of pressure, shown in equation (2) . Densification parameters (p) for both the processes are shown in Table 2 . These values indicate the degree of densification attained during the sintering process. It can be inferred that the samples subjected to microwave assisted sintering has undergone higher densification.
Densification parameter
¼ Green densityÀApparent density Theoritical densityÀApparent density :ð2Þ
Microstructure and SEM-EDS analysis
Optical micrographs of the composites are shown in Figure 4 . The bright colored areas indicate the copper matrix whereas the dark spots indicate the uniformly distributed SiC particles in the matrix. As the weight percentage of SiC increases it was observed that the SiC particles get embedded into the copper particles due to the ductile nature of copper. Large grains of copper are clearly observed in the micrograph in all samples since copper particles have an average size of 400 mm as shown. Microwave-sintered Cu-SiC composites were found to be more homogeneous than the conventionally sintered samples. Some hard alumina particles of the order of 1 mm were also observed in the optical micrographs, they might have got embedded into the soft copper matrix during the metallographic preparations of the samples. The distinction between copper particles and SiC particles can be made based on their respective sizes and contrasts as seen in Figure 5f . From the SEM micrographs (Fig. 5 ) the uniform distribution of SiC reinforcement (dark portion) in the copper matrix (white portions) can be noticed. Substantial amount of porosity as expected can be seen in all the composites. It was also observed that the SiC particles were located at inter-particular positions in the copper particle network as shown in Figure 5e . Apart from the Cu-SiC interface, no other phases were seen in the micrographs of composites. The distribution of SiC in the copper matrix was observed to be homogeneous for the range of addition used in the study. SEM-EDS analysis performed on Cu-7.5 SiC is illustrated in Figure 6 . Presence of Si and C in the composite can be in turn predicted as SiC added to the copper matrix. Oxygen detected in the analysis might come from the etching solution or alumina media used for the metallographic preparation of the sample.
Hardness, wear and electrical conductivity measurement
It is observed that the hardness increases with the addition of SiC for the range used in the study as shown in Tables 3  and 4 . Highest Vickers micro-hardness value of 82 HV 100 was found for Cu-7.5 Sic sintered by microwave heating. Same trend was observed with higher load under a Rockwell hardness tester. Microwave assisted sintered Cu-7.5 SiC composite exhibited a hardness of 64 HRB while the conventional counterpart showed only 54 HRB. Pure copper exhibited a hardness of 36 HV 100 and 44 HV 100 for conventional and microwave process respectively. Rockwell hardness of the composites measured in B scale is shown in Table 4 . SiC particles are excellent barriers to the dislocation movement in the copper matrix. An increase in the SiC content strongly hinders the plastic flow, resulting in an increase of the hardness of Cu-SiC composites as shown in Table 3 [1, 4, 14] . The hardness values of these composites were observed to be high despite the low relative density values. Similar trend was reported by other researchers [1, 5, 6, 9, 10, 14] . This trend is attributed to the reinforced hard SiC particles which arrest the plastic flow in the matrix. All the microwave assisted sintered composites exhibited higher hardness than conventional sintered samples. Wear behavior of materials couldn't be exactly correlated with the hardness values due to different varying parameters like materials properties, lubricating condition, sliding properties etc. that govern wear behavior [2, 23] . Pure copper exhibited high wear loss due to low hardness and severe wear test conditions as illustrated in Table 5 and Figure 7 . Presence of macro grooves and pits were observed in the worn out surfaces of copper samples as illustrated in SEM micrographs shown in Figure 6a ,b. With an increase in the load, the wear loss is observed to increase as expected. With the increasing amount of SiC from 2.5 to 7.5% the wear resistance also increases. As expected Cu-7.5 SiC composite showed high wear resistance due to improved hardness and a reduction of 1/16 times wear loss was observed under an applied load of 30 N. With the increase in load, SiC particle pullout was observed as shown in Figure 6d . Reinforcement particles got pulled out from the matrix resulting in excessive wear and deterioration of the surface. S.C. Tjong et al. reported that volume loss due to wear is directly proportional to sliding distance and load and inversely proportional to hardness of the material, which is originally stated as Archard's hypothesis of wear [13, 24] . The SiC reinforcing particles with high hardness can offer protection to the Cu matrix during sliding. CuSiC composite also exhibited a high coefficient of friction for the entire range of loads. Highest COF was observed for Cu-7.5 SiC with a value of 0.66 for 30 N load as shown in Table 6 . Delamination surface cracks were observed in the SEM images of worn out pure copper sample. High wear loss in pure copper was assisted by excessive delamination of the surface layers. The extent of plastic deformation was considerably reduced with the inclusion of hard SiC particles as it imparts sufficient hardness to the material [1, 4, 14] . The incorporation of SiC particles in copper matrix is very effective in reducing the extent of strain localization in the subsurface region [4, 14] . The electrical conductivity of pure copper was estimated as 89% IACS and 92% IACS for conventional and microwaved sintered samples, respectively (Tab. 7). The electrical conductivity of the Cu-SiC composite was found to reduce drastically with the addition of SiC into the copper matrix. The conductivity value of Cu-7.5 SiC was observed to be almost half that of annealed copper (100% IACS) for conventional as well as microwavesintered samples. This was due to the presence of SiC ceramic particles with low conductivity values and due to the presence of porosity in the samples [1, 3, 14] . It is possible to claim that the lower electrical conductivity of composites containing higher amount of SiC may be due to the presence of porosity and a small amount of oxide layer formed during sintering at elevated temperature which can be supported by EDS results. sintering technique is effective in imparting better mechanical, electrical and tribological properties to copper-SiC composites as compared to conventional sintering process. 
